Tetragonal or monoclinic ZrO2 thin films from Zr-based glassy templates J. Vac. Sci. Technol. A 30, 051510 (2012) Phase identification and control of thin films deposited by co-evaporation of elemental Cu, Zn, Sn, and Se J. Vac. Sci. Technol. A 30, 051201 (2012) Extensive Raman spectroscopic investigation of ultrathin Co1−xNixSi2 films grown on Si (100) A 50-nm-thick amorphous silicon film on a SiO 2 substrate is crystallized by an excimer laser-induced sequential lateral solidification. In the crystallized film, the laser scanning direction has a tendency to generate the ͗100͘ texture formation, whereas the surface normal and another in-plane orientation ͑normal to the scanning direction͒, designated as rolling direction, do not reveal any distinct texture development. Some grain boundaries are faceted, suggesting having a low trap density. Thus, the presence of the faceted grain boundaries is favorable for polycrystalline silicon electronic devices, such as thin film transistors and solar cells. A further grain boundary faceting might be induced by annealing processes.
I. INTRODUCTION
Excimer laser has been used for the crystallization of amorphous Si ͑a-Si͒ films. 1, 2 To produce large-grained polycrystalline Si for the fabrications of polycrystalline Si ͑poly-Si͒ thin film transistors ͑TFTs͒ and thin film solar cells, Im and co-workers have developed an excimer laser-based sequential lateral solidification ͑SLS͒ process. 3, 4 In the SLS, the a-Si film is irradiated to be completely melted in a region of the focused line beam, and the crystal grows from the edges of the melted area, leading to directionally grown, large-grained poly Si.
For all applications of the poly-Si, the carrier flow is mainly obstructed by the potential barrier at the grain boundaries ͑GBs͒, and thus, the GB structure strongly affects the electrical performances of the poly-Si TFTs. [5] [6] [7] [8] So far, however, little has been done to characterize the GB structure in SLS-crystallized a-Si films. The aim of this work is to explore the GB population and morphology, and the texture in a SLS-crystallized film using a combination of highresolution transmission electron microscopy ͑HRTEM͒ and electron backscattering diffraction ͑EBSD͒ analysis. The present study shows that the laser scan direction ͑hereafter, scanning direction͒ has a tendency to generate the ͗100͘ texture formation, though not so prominently, while the surface normal and another in-plane orientation ͑designated as rolling direction͒ which is normal to the scanning direction do not show any distinct textures. Some GBs are observed to be faceted with asymmetric GB facet components
II. EXPERIMENTAL PROCEDURE
A 600-nm-thick SiO 2 buffer film was deposited on a glass substrate using a radio frequency ͑rf͒ magnetron sputtering system at room temperature. The oxide deposition was followed by deposition of a 50-nm-thick a-Si film, also deposited by rf magnetron sputtering system at room temperature. 9 After the deposition process, the a-Si film was irradiated with a 308 nm XeCl excimer laser with a 25 ns pulse duration at an energy level sufficient to fully melt the film of a-Si.
The grain orientations were determined with good statistics by Kikuchi patterns obtained in a commercial Oxford Instruments EBSD setup in the JEOL JSM-6500F scanning electron microscope. The EBSD measurements were made in the surface area of 25ϫ 25 m 2 . The texture was evaluated for three orthogonal directions: the surface normal, and two in-plane orientations, which are the laser scanning direction and the rolling direction normal to the scanning direction. The GB character is represented by ⌺ values ͑up to 45͒, which are defined as the reciprocal density of the common sites of the adjoining grains associated with the coincidence site lattice ͑CSL͒ points.
To characterize the GB structure, HRTEM was used. Disks of 3 mm diameter were cut from the wafer using a disk cutter for TEM specimen preparation. The disks were mechanically back thinned to a thickness of about 20 m, and then ion milled from the glass substrate side at an accelerating voltage of 4 kV using an ion polisher ͓precision ion polishing system ͑PIPS͒, Gatan Inc.͔. HRTEM observations were made in plan view, using the JEM 4010 ͑400 keV acceleration voltage; 0.15 nm point-to-point resolution; JEOL Co. Ltd., Japan͒ and the JEM-ARM1300S which is operated at 1.25 MeV and equipped with a side-entry heating stage ͑0.12 nm point-to-point resolution; JEOL Co. Ltd., Japan͒. The base pressure in the specimen chamber is ϳ3 ϫ 10 −6 Pa. Fig. 2 . Whereas the surface normals and the rolling directions do not show any distinct texture, the scanning directions tend to cluster around ͗100͘. EBSD analysis also presents information on the GB population. Most CSL GBs up to a value of ⌺ = 45 are dominated by first-͑⌺3͒ and second-order ͑⌺9͒ twin GBs with fractions of about 70% and about 10%, respectively ͑Table I͒.
In addition to the GB population measured by EBSD, the GB structure was examined by HRTEM. Flat twin boundaries ͑⌺3͒ were frequently observed in the crystallized a-Si ͑not shown here͒, in agreement with the result of the GB population. Some GBs are observed to be faceted with atomic-scale steps or long asymmetric GB facet components, as shown in Fig. 3. In Fig. 3͑a͒ , the right part of a GB exhibits a facet parallel to the ͕110͖ plane of the upper grain, but the left part of the GB is still smoothly curved. In Fig.  3͑b͒ , a GB is reconstructed into atomic-scale microfacets parallel to the ͕110͖ planes of the upper grain. Lattice fringes seen in the bottom grain arise from the ͕111͖ planes. The facet planes do not align exactly parallel to those planes. In Fig. 3͑c͒ , a GB shows a long asymmetric facet which bears ͕112͖ upper ʈ ͕111͖ bottom grain relation.
IV. DISCUSSION
In the SLS, solidification occurs by the advancing of the melt/c-Si interface and, thus, the scanning direction will adopt orientations following one of the preferred growth axes. The ͗100͘ texture to the scanning directions observed in the present study can be found in the report of Nerding et al. on SLS-crystallized a-Si films. 10 At a given Nd: YVO 4 laser repetition rate ͑20 kHz͒, thin a-Si thin films ͑50 and 75 nm thick͒ deposited on glass substrates show a strong ͗100͘ texture to the scanning direction, while the texture for a 300-nm-thick film largely deviates from ͗100͘.
Drosd and Washburn suggested an atomic model, where the difference in crystallization rate is related to the number of Si atoms incorporated into c-Si from a-Si to complete a sixfold ring of atomic bonds, which is characteristic of the diamond cubic structure. 11 The atomic bond structure of a-Si was not considered in the model. For ͗100͘, only one atom is needed for the completion, whereas for ͗110͘ and ͗111͘, two and three atoms are required, respectively, leading to the fastest crystallization rate of the ͗100͘ direction. In the SLS, the directionality of crystal growth will depend on the net rate of atomic attachment to c-Si, and thus, the model by Drosd and Washburn 11 can be applied to the evolution of the scanning direction texture in the SLS-crystallized a-Si films. Actually, the expectation suggested by the model 11 is qualitatively consistent with our observation of the ͗100͘ texture to the scanning directions. Originally, the model 11 was suggested for solid-phase crystallization behavior reported by Csepregi et al. 12 They showed that for Si-implanted a-Si layers on singlecrystalline Si substrates with specific surface orientations, recrystallization occurs by the migration of the a-Si/ c-Si interface and it is the fastest in the ͗100͘ direction, followed by ͗110͘ and then ͗111͘. 12 As will be shown below, however, previous reports on the solid-phase crystallization [13] [14] [15] showed preferred growth directions different from the ͗100͘ directions. The a-Si made by implantation of the c-Si would have different densities and energy states with different surface orientations of c-Si to show the fastest growth direction of ͗100͘, and be also different from the a-Si films used in the previous study. [13] [14] [15] We thus believe that it is not reasonable to relate the model suggested by Drosd and Washburn 11 directly to the results of Csepregi et al. 12 For the solid-phase crystallization, needles with ͗111͘ and ͗112͘ growth directions 13 or dendrites with ͗112͘ growth directions 14, 15 have been dominantly observed. Lee et al. 13 suggested that, if assuming that the stress state of the needlelike shape is approximated by the uniaxial stress, the strain energy W per unit volume of a specimen strained by under the uniaxial stress state is expressed as W = 1 2 2 E, where E is Young's modulus. Young's modulus E is conveniently described as a measure of the stiffness and the strain energy of the uniaxial stress state. For c-Si, the ͗111͘ direction has maximum Young's modulus ͑185.9 GPa͒ and the highest strain energy density among other directions. This indicates that the a-Si matrix contacting the ͗111͘-oriented needles will receive the highest strain energy density, enhancing crystallization along the ͗111͘ directions. The ͗112͘ growth directions are interpreted as being possible with the help of twins and stacking faults. [13] [14] [15] The deviation from the ͗100͘ texture for the 300-nm-thick film 10 is attributed to the effect of the solid-phase crystallization. With increasing film thickness, at the same laser energy density, a part of the a-Si film near the substrate can remain amorphous, and the remaining a-Si would also undergo crystallization, which belongs to the category of the solid-phase crystallization. For the thick film, the two kinds of the crystallizations would compete with each other, leading to a mixed scanning direction deviated from ͗100͘ as shown in Ref. 10 . Some GBs are observed to be faceted, as shown in Fig. 3 . Cusps in the plot of the grain boundary energy with respect to the GB plane orientations lead to Herring torque terms, which rotate GB planes to have the lowest energy configuration. Such anisotropy leads to GB faceting. Grain boundary faceting is a function of temperature and impurity addition or removal. [16] [17] [18] The observed GB faceting is considered to occur during the solidification. GB faceting after the solidification is also found in Zn bicrystals. 19, 20 Asymmetric GB facet planes, as shown in Fig. 3 , can be energetically favorable, even compared with the symmetric ones, as calculated and experimentally shown by Merkle and Wolf. 21 The GB plane orientations as well as the grain misorientation relationships strongly influence the electrical characteristics of poly-Si used in various electronic devices. Coherent first-order ͑⌺3͒ and second-order ͑⌺9͒ twin boundaries have a low density of charge carrier trap sites, 5 but random GBs act as traps and retard the carrier flow. [6] [7] [8] Reports in the literature show that asymmetric facet planes are atomically well matched at the GBs. 21, 22 Thus, such coherent facet planes, as shown in Fig.   3 , are likely to be electrically inactive, or weakly active, allowing a high mobility of the majority carriers. Kuriyama et al. 23 reported that as the number of laser shots is increased in the excimer laser crystallization, the grain size of poly-Si films becomes large and a high field effect mobility of poly-Si TFT using the Si films can be obtained. They attributed the enhanced high effect mobility to the large grain size. During such annealing with many laser shots, additionally, more GBs can also have an opportunity to undergo faceting by GB energy anisotropy. In the present experiment, as shown in Figs. 3͑a͒ and 3͑b͒ , the whole part of each GB is not faceted, but we expect that further annealing by additional laser treatments as in Ref. 23 after the SLS might induce complete faceting of such partially faceted GBs and even cause nonfaceted GBs to undergo faceting, which would increase the mobility of the major carriers further.
V. CONCLUDING REMARKS
In summary, an excimer laser-induced sequential lateral solidification ͑SLS͒ of a 50 nm-thick a-Si thin film on a SiO 2 substrate reveals a tendency of the ͗100͘ texture to the scanning direction, which is explained by the anisotropic migration rate in the melt/ c-Si interface. Some GBs undergo partial faceting. The facet planes are considered to have wellmatched structures, not acting as trap sites. With the additional introduction of thermal energy, the partially faceted GBs will become fully faceted, and nonfaceted GBs observed after the solidification are expected to have an opportunity to become faceted. Hence, through the development of a further annealing process after the SLS, we expect more favorable electrical characteristics for poly-Si TFTs and thin film solar cells.
